In this work, titanium doped tungsten disulfide thin films (WS 2 -Ti) were deposited on AISI 304 stainlesssteel substrates using the magnetron co-sputtering DC technique. Films were produced with varying titaniumcathode power from 0 to 25 W. The titanium content of the WS 2 structure was determined using energy dispersive spectroscopy (EDS), thereby obtaining a maximum of 10% for the sample grown at 25 W. X-ray diffraction (XRD) results indicated, for the pure sample, the presence of a hexagonal phase of high intensity on the (103) plane. However, with the addition of titanium, the WS 2 crystallinity was reduced; nevertheless, when the titanium content was equal to 10%, nanocomposite formation was promoted. This effect was observed in TEM (transmission electron microscopy) images. Finally, the tribological behavior was determined using a ball on disk (BOD) test. With this method, friction coefficient curves were obtained with respect to the number of cycles, allowing the measurement of friction coefficient values of 0.1 for the pure sample and 0.15 for the sample grown at 5 W. Because of the low thickness of the samples, all of them failed during the first cycles.
INTRODUCTION
The use of solid lubricant has become a subject of growing interest in various industries, such as the aerospace, automotive and metal-mechanics industries [1] [2] [3] , because of the ability to achieve coefficients of friction between 0.01 and 0.05 in controlled atmospheres. This type of material exhibits good performance under high-pressure and high-temperature conditions, in which a conventional lubricant may exhibit problems such as migration, evaporation and chemical instabilities [4] . Among the various solid lubricants, the transition-metal dichalcogenides (TMD) (sulfides, selenides or tellurides of tungsten, molybdenum and niobium) are intrinsic lubricants that have been studied over the past 50 years. Their excellent lubricant properties are based on their crystal anisotropy; moreover, under ultra-high-vacuum conditions, they can be considered to be frictionless materials, as they can exhibit coefficients of friction (COFs) lower than 0.01 [5] .
In the case of MoS 2 films, in vacuum and inert environments, the COF can reach values of 0.005 and 0.05, respectively [6, 7] , with wear values on the order of 10 -8 mm 3 N -1 m -1 for several counter-pairs [6] . On the other hand, WS 2 films exhibit great thermal stability, a working temperature higher than that exhibited by MoS 2 (approximately 100 °C) and COFs between 0.02 and 0.06 under controlled conditions [8, 9] . Nevertheless, similar to the other TMDs, when WS 2 is exposed to atmospheres that contain oxygen and water vapor, its intrinsic imperfections increase, rapidly deforming the crystalline structure; its lubricant properties and wear resistance then decrease dramatically [4] . To address this issue, researchers around the world have performed experiments focused on doping this material with various metallic (Ni, Au, Pb, Ti, Al) and non-metallic (C, PbO, Sb 2 O 3 , ZnO) elements [1, 9] to obtain a stable structure and to avoid excessive wear caused by triboxidation.
In this paper, the effects of Ti doping on the structural, morphological and tribological properties of WS 2 are studied. Films were producing using the magnetron co-sputtering technique. The Ti concentration was varied by changing the Ti cathode power. This study was performed to investigate the possible application of WS 2 as a lubricant in wet environments.
EXPERIMENTAL DETAILS
WS 2 and WS 2 -Ti thin films were deposited on AISI 304 stainless steel substrates using a commercial DC non-reactive magnetron co-sputtering system, the AJA ATC 1500. The substrates were polished until a specular surface was obtained; afterward, they were deeply cleaned with acetone in an ultrasonic cube for a duration of 15 minutes. Two targets of WS 2 and Ti with purities of 99.95% and 99.99%, respectively, were employed. A shutter was interposed between a target and a substrate for pre-cleaning the substrate and the target before beginning each experiment. The base vacuum pressure in the reactor was on the order of 1 x10 -4 Pa; then, plasma cleaning in the chamber under an argon atmosphere was applied to the samples for a duration of 15 minutes to remove any impurities that were not eliminated by the ultrasonic cleaning. The working pressure and target power densities were determined by obtaining the I-V plot for 0.4, 0.5, 0.7, and 0.8 Pa. Three samples were grown per each process conditions, obtaining a better repeatability when using a working pressure of 0.4 Pa [10] [11] [12] . WS 2 cathode was kept at a constant power density of 2.5 W/cm 2 , while the power density of the Ti cathode was varied between 0 and 1.5 W/cm 2 , taking values of 0, 0.25, 0.5, 0.75, 1 and 1.25 W/cm 2 .
The structural characterization was performed using an X-ray diffractometer Bruker AXS D8 Advance model with Bragg-Brentano geometry and a CuKα radiation source (λ= 1.5406 Å), obtained a pattern was averaged from 5 measurements. The morphological and elemental composition analyses were carried out using a scanning electron spectroscopy-SEM Philips XL 30 TMP, applying the standard energy dispersive spectroscopy-EDS technique at 20 keV and a magnification of 200x. Images at a scale of 2 nm were acquired using transmission electron microscopy-TEM equipment FEI Tecnai TF-20 FEG/TEM, 200kV by field emission (S/TEM) the probe used was Fischione PMT type high angle annular dark-field in STEM mode and the selected area diffraction patterns were acquired using the smallest size 200 nm diameter aperture. The thickness and roughness of the coatings were determined using a Veeco-Dektak 150 Profilometer, using a distance of 400 and 700 µm for thickness and roughness respectively; furthermore, for ensuring the repeatability, 4 measures for each sample were performed. The tribological characterization was performed using a CSEM tribometer with a stainless steel ball AISI 440 of 6 mm in diameter, a load of 5 N and a linear velocity of 5 cm/sec, carrying out four repetitions for each test. An elemental quantification of the WS 2 and WS 2 -Ti(x) layers was performed, estimating the Ti percentage with respect to the Ti cathode power during the deposition process. Figure 1 shows the increment titanium content with increasing power density; this behavior is due to the greater amount of particles applied to plasma energy, increasing target pulverization, performing a deposition of more material on the substrate; for this reason, a maximum of 10% of titanium concentration for the sample grown at 1.25W/cm 2 was obtained [13] . The sulfur/tungsten ratio (S/W) was also established in each measure. The pure sample shows a relationship of 1.62, which is common for coatings grown for this technique, because the sulfur and tungsten have different sputtering yield; therefore, the cathode will have a sulfur deficiency during the deposition. Moreover, part of the ejected sulfur atoms from the target are extracted by vacuum system, resulting in a reduction in the partial pressure of this element, which consequently makes films obtained with sulfur deficiency [14, 15] . As titanium power density increases, an increment of the S/W ratio is evidenced; by a reduction of tungsten content in the sample, because presents a replacement of tungsten by titanium atoms, it can be occupy interstitial and substitutional sites on the lattice; however, following the rules of Hume-Rothery these materials have a partial solubility [15] .
RESULTS AND DISCUSSION
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The roughness of the samples was measured with the Ra parameter (average roughness), where the average value for steel substrates, after polishing, was around 54.11 nm. In figure 2 , the average roughness vs. titanium power density behavior is observed; error bars were obtained averaging four measurements. After the film growth, titanium doping has no influence on roughness values of the films because no tendency is observed, and their distribution is wide for some values of titanium power density, this can be deduced by the spread of the data (dispersion bars); moreover, the equipment resolution for these measurements was 19 nm, indicating that the dispersions are in its range, justifying this way the variation of the taken measures, which have closer values of the substrate roughness. Finally, the values obtained for WS 2 and WS 2 -Ti films are acceptable, because they are at least 4 times below the film thickness, and these values are less than 90 nm; above this amount, roughness influences values taken by nanoindentation technique [17] . The results indicate that the basal planes of the hexagonal cell were oriented perpendicular to the substrate surface (∥c or 1-type films) [18] . This preferential orientation occurs because during the deposition process, there are several active sites on the substrate; these sites react with the unsatisfied bonds at the lattice edges, forcing the basal planes to become aligned perpendicularly to the substrate because of the directionality of the dangling sulfur bonds [19] . Furthermore, a texture at the (006) plane was observed at a 2θ=43.45°, indicating that few basal planes were oriented parallel to the substrate surface (⊥c or 2-type films) [18] . Finally, no peaks corresponding to the substrate were observed because the diffraction patterns were acquired at grazing angles.
The lattice parameters were calculated, yielding values of a=3.178 Å and c=12.496 Å. Since the ratio a/c=0.25, the interplane basal distance is four times greater than the distance between nearest neighbors of the same plane; then, there is a Van der Waals type interaction, promoting low share stress; this characteristic is typical of laminar solids [20, 21] When Ti was incorporated into the WS 2 structure, the sample grown at 0.25 W/cm 2 (~0.5% Ti) exhibited a decrease in intensity and loss of peaks, indicating a phase transition. In the pattern acquired from this sample, peaks corresponding to the substrate are evident, one of them overlapped with the (006) plane of the film. The presence of peaks associated with the substrate is attributed to film delamination. As the Ti percentage increased (with increasing power density of the Ti cathode), the peaks in the pattern disappeared, indicating changes in the microstructure of the film.
The crystallite size was calculated using the Scherrer equation for the samples without doping and the sample grown at 0.25 W/cm 2 , yielding values of 39.13 ± 2.33 and 13.11 ± 1.41 nm, respectively. The decrease in the crystallite size of the sample grown at 0.25 W/cm 2 and the later separation of the peaks in the other patterns were caused by the Ti atoms preventing the nucleation and formation of the crystalline phase of WS 2 , thus producing an amorphous film [8] . This phenomenon also occurs in MoS 2 films doped with Ti [22] , SbOx [23] , Pb [24] and PbO [25] .
The microdeformation was calculated using the Stokes and Wilson method, for the pure sample yielding a value of 0.0076±0.0017. This finding indicates that this sample possessed low strain because it was relieved by the movement of sliding planes [26] . For the sample grown at 0.25 W/cm 2 , the value obtained was 0.02765±0.00206; this increase relative to the pure sample indicates that the inclusion of Ti increased the strain, deforming the lattice. This process has been related to the position of Ti atoms between the planes of the WS 2 structure, increasing lattice deformation. These defects become critical when Ti content increases until an amorphous structure is observed [8] . Figure 4 : TEM image and selected area electron diffraction (SAED) of WS 2 sample grown at 1.25 W/cm 2 titanium power density.
Transmission electron microscopy (TEM)
A TEM image of the sample WS 2 -Ti(1.25) is shown in figure 4 . In this figure, phase separation is observed, as regions in which a precipitate of Ti nanocrystals with sizes between approximately 10 and 20 nm in an amorphous matrix of WS 2 can be identified. This phenomenon is attributed to the supersaturation of Ti, and it is known as spinodal decomposition [27, 28] . T. W. Scharf et al. [8] have deposited WS 2 films doped with Ti using the magnetron co-sputtering technique; in this work, a Ti concentration of approximately 7% was found, accompanied by the observation of a formation of Ti crystals in an amorphous matrix of WS 2 .
When the selected area electron diffraction technique (SAED) was performed in the crystalline regions, the hexagonal structure of Ti (α-Ti) was identified with crystallographic directions in the xy plane (cross section of the xy plane, real zy plane); thus, the Ti was grown with the basal planes perpendicular to the substrate surface. A higher concentration of Ti in the sample (≈10%) allowed the formation of the hexagonal phase with crystals of greater sizes; although tungsten stabilizes the β-Ti phase [29] , it was insufficient in quantity to render this phase stable, thus allowing the formation of α-Ti.
Ball on disc (BOD)
The variation in the coefficient of friction as a function of the number of cycles for the substrate, WS 2 and WS 2 -Ti(x) using a steel ball (AISI 440) is shown in figure 5 . It was observed that the WS 2 layer exhibited the best behavior, demonstrating a coefficient of friction of 0.1, because of its plasticity; nevertheless, at approximately 450 cycles, the film failed and began to exhibit a COF close to that of the steel, as the film was low in thickness and suffered from rapid wear. The sample grown at 0.25 W/cm 2 exhibited the best behavior among the doped films, demonstrating a COF that was slightly higher than that of the undoped film (≈0.15), which was maintained for approximately 100 cycles; in contrast, the other doped samples failed within the first cycles. The rapid damage of the doped coatings was caused by their increased fragility, which resulted from the incorporation of Ti atoms into the structure between the planes formed by sulfur [30] . This phenomenon limits the sliding of the planes, thereby reducing the plasticity of the film and thus the lubricant effect; nevertheless, reports have indicated that highly beneficial tribological properties of WS 2 films can be achieved by doping them with Ti and/or other compounds [8, 22, [30] [31] [32] [33] [34] [35] [36] . In the case of the films studied in this work, their poor tribological properties can be attributed to the low coatings thickness (507.2 nm), which leads to rapid wear and prevents the films from being able to bear sufficient load. In such a case, the doping process does not improve the material's performance.
SEM images of the friction tests conducted using the steel ball are shown in figure 6 . It can be observed that the predominant mechanism of wear was adhesion, as the low hardness and poor chemical stability (compared with Al2O3 ball) of the steel ball caused the ball to suffer wear, as corroborated by the EDS analysis. This process generated wear particles that were adhered to the track and other detached hard particles that generates plowing; moreover, the combined effect of plowing and adhesion produce delamination of the film. Plastic deformation, strain hardening and morphology of the wear particles generated during wear (belonging from both the coated surface and the ball) dominates the behavior of the wear mechanisms [11] . EDS spectra of the wear tracks for all films permit the identification of elements belonging to both the substrate (Fe, Cr, Mn and Ni) and the coating (W and S). Regarding the ball wear, the ball was of similar composition to the substrate; thus, the elements that originated from it could not be differentiated from those of the substrate. The spectra also indicate the presence of Ti in the track, corroborating the role of this element in the material wear process. 
CONCLUSIONS
Titanium doped tungsten disulfide thin films (WS 2 -Ti) on AISI 304 stainless steel substrates were deposited using magnetron so-sputtering DC technique while varying the Ti cathode power. The roughness of the coatings was determined via profilometry, and the results indicated that this parameter was not affected by the power of the Ti cathode. The approximate Ti percentage was obtained using the EDS technique, and the samples grown at 0.25 W/cm 2 and 1.25 W/cm 2 were found to exhibit the minimum and maximum values, respectively.
The XRD results demonstrated that the WS 2 and WS 2 -Ti films exhibited a hexagonal structure with basal planes perpendicular to the substrate surface (1-type films) with a preferential orientation in the (103) plane.
TEM images at a scale of 5 nm and the SAED analysis conducted for the sample grown at 1.25 W/cm 2 of α-Ti cathode power indicated the formation of nanocomposites that contained Ti crystals with sizes between 10 and 20 nm embedded in an amorphous WS 2 matrix.
The tribological analysis demonstrated that the doped films suffered damage because of their high fragility, which reduced their plasticity and lubricant behavior and was caused by the low thickness of the coatings. SEM images of the tracks produced by the steel ball showed that the predominant wear mechanism was adhesion.
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